Urea and ethanol are the main precursors of ethyl carbamate (EC) in Chinese rice wine. During fermentation, urea is generated from arginine by arginase in Saccharomyces cerevisiae, and subsequently cleaved by urea amidolyase or directly transported out of the cell into the fermentation liquor, where it reacts with ethanol to form EC. To reduce the amount of EC in Chinese rice wine, we metabolically engineered two yeast strains, N85
INTRODUCTION
Chinese rice wine, typically produced by fermenting rice, is a traditional alcoholic beverage that has been popular in China. However, a survey revealed that Chinese rice wine produced in Zhejiang province in China contains between 8 and 515 μg kg −1 of EC (Wu et al. 2012 ), a compound well-known to be potentially carcinogenic to humans (Ough 1976; Ough, Stevens and Sendovski 1990; Zimmerli and Schlatter 1991) . Due to the ever-growing demand for Chinese rice wine, eliminating EC during fermentation is increasingly important. EC may be formed during wine fermentation and storage by the spontaneous reaction of ethanol with carbamyl compounds such as urea, citrulline, carbamyl phosphate and cyanogen (Zimmerli and Schlatter 1991; Jiao, Dong and Chen 2014) . The main precursors of EC in Chinese rice wine are ethanol and urea (Ough 1976; Weber and Sharypov 2008) . Urea originates mainly from arginine, via arginase (encoded by CAR1) (Genbauffe and Cooper 1986) . It is then converted into ammonia and CO 2 by the bifunctional enzyme urea amidolyase (encoded by DUR1,2) (Genbauffe and Cooper 1986; Hofman-Bang 1999; Coulon et al. 2006) . However, both CAR1 and DUR1,2 are repressed when the preferred nitrogen sources of yeast are available. As a result of this process, known as nitrogen catabolite repression, arginine is only partially degraded, and the level of urea amidolyase falls below that of arginase (Genbauffe and Cooper 1986; Hofman-Bang 1999; Zhao et al. 2013a) . Consequently, urea is accumulated and transported out of the yeast cell to form EC by reacting with ethanol in the fermentation liquor. This EC-associated pathway has prompted straightforward attempts to remove EC from Chinese rice wine by inhibiting urea formation by CAR1 deletion or improving urea degradation through the constitutive expression of DUR1,2 in yeast.
Over the past few years, EC reduction via constitutive expression DUR1,2 in yeast has been achieved in wine and sake, with reduction rates of 89.1% and 68.0%, respectively (Coulon et al. 2006; Dahabieh, Husnik and Van Vuuren 2010) . In a recent study, we constructed a CAR1-deletion yeast strain to eliminate EC from Chinese rice wine, and achieved a reduction rate of 50.5% (Wu et al. 2014) . To further reduce the EC level in Chinese rice wine, we developed a DUR1,2 expression cassette to insert the strong promoter PGK1p in front of the DUR1,2 gene loci of the wild-type industrial yeast N85 and the previously engineered yeast N85-car1 (Wu et al. 2014) , respectively. The success of these two engineered strains in reducing urea and eliminating EC by constitutively expressing DUR1,2 in the absence of arginase was confirmed during small-scale fermentation.
MATERIALS AND METHODS

Strains, medium and growth conditions
The Escherichia coli strain JM109, used for vector propagation, was cultivated at 37
• C in LB medium supplemented with 2% agar and 50 μg mL −1 ampicillin (Sangon, Shanghai, China) when required.
All of the Saccharomyces cerevisiae strains used in the study (Table 1) were grown at 30
• C in YPD medium solidified with 2% agar when necessary. Minimum medium (MM) (0.17% yeast nitrogen base without amino acids, 2% glucose, 0.5% ammonium sulphate, 2% agar) was used to culture the prototrophic strains. The MM was supplemented with 0.005% uracil to provide an SM-Ura medium to culture ura3 mutants. 5-Fluoroorotic acid (5-FOA) medium comprising SM-Ura supplemented with 0.125% 5-FOA was used to select ura3 mutants. Sporulation was performed on potassium acetate (KAc) medium (1% KAc, 2% agar) at 26
• C to verify the diploid strains. The primers used in the study ( 
Construction of URA3 knockout yeast strains
To use functional URA3 as a selective marker, the URA3 disruption cassette constructed by our laboratory team (Wu et al. 2014) was transformed into the previously constructed arginasedeficient haploid strains Na-c and Nα-c (Wu et al. 2014) . The transformation was performed according to the high-efficiency protocol (Gietz and Schiestl 1991; Wu and Letchworth 2004) . The right transformants were identified using growth test and specific PCR with the primers P12/P13.
Construction of DUR1,2 overexpression cassette and metabolic engineering of yeast strains
The construction of the DUR1,2 overexpression cassette is illustrated in Fig. 1A . First, PCR amplification was used to obtain the upstream (DUR1,2L) and downstream (DUR1,2R) fragments of DUR1,2, the strong promoter PGK1p and the URA3 gene, using the N85 genome as template with the primers P1/P2, P7/P8, P5/P6 and P3/P4, respectively. The four fragments were pooled in equimolar amounts for fusion by touchdown PCR with the primers P1/P8, as described in a previous study (Wu et al. 2013) . Finally, the DUR1,2 overexpression cassette (DUR1,2L-URA3-PGK1p-DUR1,2R) was verified by DNA sequencing (Sangon, Shanghai, China).
To obtain an engineered strain capable of overexpressing DUR1,2, the DUR1,2 overexpression cassette was electrotransformed into uracil-defected haploid strains and plated on MM plates. The potential mutants were verified by colony PCR using the primer pair P5/P8 and at least three iterations of growth test. Finally, the genomics of the right transformants were isolated for identification with PCR using the primer pair P1/P8. Diploid strains were obtained by haploid fusion, as described in a previous study (Wu et al. 2014) , and identified by PCR using the primers P9/P10/P11. The strains that yielded both 544 and 404 bp products were considered to be diploids (Huxley, Green and Dunham 1990), as confirmed by sporulation on KAc medium.
Transcriptional expression of DUR1,2 and enzyme-activity assay
RNA isolation and RT-PCR was performed by kits as described by Li (Li et al. 2015) . Protein samples from the yeast strains were prepared by vortex with glass beads (Wu et al. 2014) . The activity of arginase and urea amidolyase was determined using a QuantiChrom Arginase Assay Kit and a QuantiChrom Urease Assay Kit, respectively, following the manufacturer's instructions (BioAssay Systems, CA, USA). One unit of arginase was defined as the amount that catalysed 1 mol L-argine to ornithine and urea per minute at pH 9.5 and 37
• C, and one unit of urea amidolyase was defined as the amount that catalysed 1 mol urea to carbon dioxide and ammonia per minute at pH 7.0 and 37 • C. The assay was replicated three times.
Small-scale Chinese rice wine fermentation with individual engineered strains
Small-scale Chinese rice wine fermentation was carried out with yeast strains of different genetic types as described in a previous study (Wu et al. 2014) . At the end of the fermentation, metabolites such as total glucose, ethanol, amino nitrogen and total acid were analysed using official methods specified in the Chinese National Standard GB 13662-2008. The flavour compounds were detected using headspace solid phase micro extraction followed by gas chromatography-mass spectrometry (Finnigan, CA, USA) as described by Mo, Xu and Fan (2010) . The identification and relative quantification of the compounds was carried out according to the previous study (Wu et al. 2014) . Urea content was determined by high-performance liquid chromatography with a fluorescence detector (Xing et al. 2011) . After secondary fermentation, Chinese rice wine is usually boiled by heating at 80
for a certain period to kill microorganisms and promote protein precipitation (Yang 2006) . However, this heating procedure may accelerate the formation of EC (Stevens and Ough 1993; Woo et al. 2001) . To replicate this process in laboratory, the Chinese rice wine samples were heated and kept at 85
• C for 30 min in 50-mL centrifuge tubes before EC detection, as described by Liu et al. (2011) .
Genetic stability of engineered strains
Repeated fermentations were carried out to assess the genetic stability of the engineered strains to decrease urea content during the fermentation of Chinese rice wine. The first generation of fermentation was conducted using the preserved modified strains and the parental strain N85. Next, yeast strains were isolated from the resulting fermentation liquor for use in the subsequent generation of fermentation by spreading the liquor on YPD plate, which was added 30 mg L −1 aureomycin and 200 mg L −1 sodium deoxycholate to inhibit the growth of bacteria and fungi. The fermentation process was carried out continuously for eight generations, and the urea content of each fermentation liquor was analysed.
Statistical analysis
The data were obtained from three replicate trials of each experiment. One way analysis of variance was used to analyse the data. Significance was set at the 95% confidence level (P < 0.05). The statistical analysis was carried out using the Statistical Analysis System software suite.
RESULTS
Integration of DUR1,2 cassette into genomes of uracil-auxotroph haploids, resulting in constitutive expression of DUR1,2
The uracil-auxotroph haploids Na-c/u and Nα-c/u were obtained by transforming the URA3 disruption cassette into Na-c and Nα-c, respectively. Next, the constructed DUR1,2 overexpression cassette was transformed into Na-c/u, Nα-c/u, and the previously constructed haploids Na-u and Nα-u (Wu et al. 2014) , respectively, to overexpress the DUR1,2 gene in Chinese rice wine yeast. The four prototrophic yeast strains generated, Na DUR1,2 , Nα DUR1,2 , Na DUR1,2 -c and Nα DUR1,2 -c, were verified by PCR using the primer pair P1/P8 (Fig. 1B) . The accuracy of the sequence surrounding DUR1,2 was confirmed by sequencing the PCR product (Fig. S1 , Supporting Information). Diploids with two genotypes were obtained by haploid fusion. The homozygous mutant strain N85 DUR1,2 was obtained from Na DUR1,2 and Nα DUR1,2 , and N85 DUR1,2 -c was obtained from Na DUR1,2 -c and Nα DUR1,2 -c. The mating types of the diploid yeast strains were all verified by sporulation on KAc medium (data not shown).
Enhanced expression level of DUR1,2 under control of PGK1p
After the insertion of the strong promoter, the expression of DUR1,2 in N85 DUR1,2 was 2.8 times greater than that in the parental strain N85. Simultaneous CAR1 deletion further enhanced the expression of DUR1,2 in N85 DUR1,2 -c, which reached a level 5.7 times greater than that in N85. As shown in Fig. 2 , activity analysis revealed that the urea amidolyase content of N85 DUR1,2 , and N85 DUR1,2 -c was 5.0 ± 0.9 U g −1 and 4.8 ± 0.6 U g −1 , respectively, higher in both cases than the content of urea amidolyase in the parent strain N85 (2.7 ± 0.7 U g −1 ). Meanwhile, the specific arginase activity in N85 DUR1,2 was measured at 29.4 ± 1.1 U g −1 crude proteins, 1.6 times greater than that in N85 Downloaded from https://academic.oup.com/femsle/article-abstract/363/1/fnv214/2599872 by guest on 03 January 2019 (18.5 ± 1.3 U g −1 ), whereas the strain N85 DUR1,2 -c (1.
displayed approximately 12.1 times less arginase activity than N85.
Fermentation characteristics of genetically engineered yeast strains
To ensure that the overexpression of DUR1,2 would not affect fermentation performance, separate small-scale Chinese rice wine fermentation trials were carried out with the parental diploid strain N85 and engineered yeasts N85 DUR1,2 and N85 DUR1,2 -c. During fermentation, the growth traits of the engineered strains N85 DUR1,2 and N85 DUR1,2 -c, and N85 were similar (Fig. S2 , Supporting Information). The Chinese rice wine fermented using each of these three strains ultimately contained the same concentrations of metabolites ( Table 2 ). The flavour compounds were identified and quantified, and also indicated little difference between the fermentations using the genetically engineered strains and that using the parental strain N85 (Table S2 , Supporting Information). In short, no significant differences in fermentation behaviour between the parental strain and its derivatives from DUR1,2 overexpression were observed; the fermentations differed by no more than 5% (P < 0.05).
Effects of DUR1,2 and CAR1 on the formation of urea and EC
The effects of overexpressing DUR1,2 and deleting CAR1 on urea formation and EC generation were evaluated. As shown in Table 3 , compared with the parental yeast strain N85, the engineered strain N85 DUR1,2 , containing overexpressed DUR1,2, re- 10.5 ± 1.6 26.3 ± 2.8 N85 DUR1,2 -c 4.7 ± 0.5 19.6 ± 2.0 N85 (Wu et al. 2014) 37.5 ± 1.7 20.8 ± 0.9 N85-c (Wu et al. 2014) 4 . 9 ± 0.3 10.3 ± 0.4 a The analysis was carried out in duplicate for each strain, (P < 0.05).
duced urea and EC by 75.6% and 40.0%, respectively, during fermentation. The N85 DUR1,2 -c strain containing overexpressed DUR1,2 and deleted CAR1 reduced urea and EC by 89.1% and 55.3%, respectively. The modified yeast strains remained genetically stable throughout the fermentation process (Table S3 , Supporting Information).
DISCUSSION
EC has gained considerable attention for its carcinogenicity, genotoxicity and widespread presence in fermented foods and beverages, especially Chinese rice wine. The results of a survey conducted by Wu et al. (2012) indicate that the concentration of EC in Chinese rice wine far exceeds the international limit, potentially threatening food safety. Urea is one of the major precursors of EC production in Chinese rice wine (Zhao et al. 2013b; Jiao, Dong and Chen 2014) . There are two possible strategies for reducing urea concentration and thereby inhibiting EC generation. One is to block urea formation by disrupting the CAR1 gene in yeast, and the other is to overexpress DUR1,2, thereby promoting the degradation of residual urea. In a previous study, we constructed the CAR1 defect yeast strains from the industrial yeast N85, which reduced the concentration of EC in Chinese rice wine by 50.5%, compared with the parental yeast strain N85 (Wu et al. 2014) .
To further reduce the urea content and EC concentration, we attempted to combine CAR1 disruption with DUR1,2 overexpression to construct genetically engineered yeasts suitable for Chinese rice wine production. In previous studies, DUR1,2 overexpression strains have been constructed by inserting the cassette ura3- at the URA3 loci of the yeast genomic DNA to eliminate EC (Coulon et al. 2006; Dahabieh, Husnik and Van Vuuren 2010) . However, the resulting yeast strains are uracil-defective and thus unsuitable for large-scale Chinese rice wine production. To generate prototrophic DUR1,2 overexpression yeast strains with potential industrial applications, we constructed another DUR1,2 overexpression cassette containing the strong promoter PGK1p and homologous sequences for integration upstream of the DUR1,2 loci. As expected, the expression of DUR1,2 was significantly enhanced by the integration of PGK1p, reaching a level 2.8 times greater than that in the parental strain N85. It is worth noting that the simultaneous deletion of CAR1 further improved the expression of DUR1,2, which reached a level 5.7 times greater than that in N85. Consequently, the enzymatic activity of urea amidolyase in N85 DUR1,2 and N85 DUR1,2 -c was 1.9 and 1.8 times greater, respectively, than that in the parental strain N85. Due to the efficient degradation of urea, the expression of arginase in N85 DUR1,2 was 1.6 times greater than that in N85. Meanwhile, the growth behaviour and fermentation characteristics of the engineered strains were similar to those of the parental strain. The engineered strains, N85 DUR1,2 and N85 DUR1,2 -c, were then used in small-scale Chinese rice wine fermentation trials to verify their success in reducing urea and eliminating EC. With the overexpression of DUR1,2, the concentration of urea in Chinese rice wine samples fermented with N85 DUR1,2 and N85 DUR1,2 -c was reduced by 75.6% (10.5 ± 1.6 mg L −1 ) and 89.1% (4.7 ± 0.5 mg L −1 ), respectively, compared with samples fermented with N85.
In addition, the modified yeast strains remained fairly genetically stable throughout the production of the Chinese rice wine. With homozygous CAR1 deletion, the concentration of urea was reduced by 86.9% during fermentation (Wu et al. 2014 ). Therefore, the combination of DUR1,2 overexpression and CAR1 deletion was not found to be more effective than the use of either method alone. This finding may be attributable to the reaction equilibrium catalysed by the two enzymes, or to the low affinity of urea amidolyase with urea. Although N85 DUR1,2 -c contains a large amount of urea amidolyase, its urea degradation rate was slow because little urea was generated from arginine as a result of homozygous CAR1 deletion. The results of fermentation indicated that the two engineered strains significantly reduced the urea concentration of Chinese rice wine. However, EC concentration in the fermentation liquor was reduced by only 40.0% and 55.3%, respectively. There are several possible reasons for the residual EC production. First, it can be assumed that the considerable quantities of urea originating from the raw material could not be immediately transported into the yeast cells as nitrogen source when fermentation began, due to the ample presence of preferred nitrogen sources (e.g. glutamine, asparagine and glutamate) (Cao et al. 2010; Shen et al. 2010; Deed, Van Vuuren and Gardner 2011; Zhao et al. 2013b) . Instead, the urea spontaneously reacted with ethanol to form EC, as the majority of the ethanol was formed at the beginning of the fermentation process. Therefore, a genetically engineered yeast strain that simultaneously deletes CAR1 and overexpresses both DUR1,2 and DUR3, which encode the urea transporter, may offer a more effective means of EC elimination. Second, in addition to urea, the citrulline generated by Lactobacillus sp. may contribute significantly to EC formation during the fermentation of Chinese rice wine (Wang et al. 2014) .
To summarize, we report the use of two genetically engineered industrial yeast strains designed to reduce EC during Chinese rice wine production. The URA3 gene was used as a unique selection marker to engineer strains suitable for Chinese rice wine brewing, and no exogenous genes with potentially toxic effects or adverse effects on the stability of the yeast strain were introduced. A combination of the strategies of inhibiting urea generation and improving urea degradation was not found to yield results markedly superior to those of either strategy alone, which indicated the need for a balanced reaction equilibrium. Even more importantly, urea may not be the major EC precursor in Chinese rice wine. Therefore, the precursors contained in raw materials and/or metabolized by other bacteria during fermentation should be investigated by researchers seeking to reduce the levels of EC in Chinese rice wine.
